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ABSTRACT: This paper reports the development of nanoporous tungsten trioxide (WO3) 
Schottky diode-based gas sensors. The nanoporous WO3 films were prepared by anodic 
oxidation of tungsten (W) foil in ethylene glycol (98% purity) mixed with ammonium 
fluoride (NH4F) and a small amount of water. Anodization resulted in highly ordered WO3 
films with a large surface to volume ratio. Utilizing these nanoporous structures, Schottky 
diode-based gas sensors were developed by depositing a platinum (Pt) catalytic contact and 
tested towards hydrogen gas and ethanol vapour. Analysis of the current−voltage (I−V) 
characteristics and dynamic responses of the sensors indicated that these devices exhibited a 
larger voltage shift in the presence of hydrogen gas compared to ethanol vapour at an 
optimum operating temperature of 200 °C. In addition, the gas sensing mechanism was fully 
discussed. 
KEYWORDS: Tungsten trioxide (WO3), anodization, nanoporous, Schottky diode, 
hydrogen, ethanol 
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1. INTRODUCTION 
Tungsten trioxide (WO3) is a n-type semiconductor with a band gap reported in the range 
of 2.6 to 3.3 eV, which has a wide range of applications due to its excellent electrical and 
optical properties.1-4 Various WO3 morphologies have been synthesized using different 
physical and chemical routes. Chemical routes including hydrothermal, solvothermal, 
anodization and thermal oxidation methods have been shown to result in various 
morphologies including nanowires, nanorods, nanosheets, nanoparticles, and nanoplatlets as 
well as nanoporous films.5-12 The aforementioned structures have been studied for diverse 
applications such as electrochromic smart windows, batteries, catalysts, electronic devices 
and solar cells.5-7, 11-16 WO3 is also one of the most interesting and most researched metal 
oxides for sensing gases such as hydrogen (H2), hydrogen sulfide (H2S), hydrocarbons, 
ethanol (C2H5OH), ammonia (NH3), nitrogen oxide (NO2, NO and N2O) and carbon oxide 
(CO).13-14, 17-20 Many of these investigations are focused on conductometric based gas 
sensors, and the application of WO3 nanostructures in contact based systems, including 
Schottky diode based sensors, have received rather limited attention.  
The electron affinity of WO3 is in the order of 3.2 to 4.0 eV.21 As a result, a Schottky 
diode-based sensor can be developed by depositing a large work function noble metal such as 
Pt (work function of 5.7 eV), Au (work function of 5.4 eV) and Pd (work function of 5.6 eV) 
as the adjoining electrode.22 In addition, these noble metals can act as excellent catalysts for 
enhancing the gas reactions and augmenting the overall performance of the sensor. The 
operating principles of the Schottky based sensors are primarily associated with the 
observation of shifts in the I−V curves caused by dissociation of the gas analyte on the 
catalytic metal surface which alters the Schottky barrier height at the metal-metal oxide 
interface.23-25 This causes an effective change in the semiconductor work function, resulting 
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in a voltage change across it. This consequently changes the current through the junction as 
well. 
The gas sensing characteristics of the Schottky contacts are greatly influenced by the 
morphology and porosity of the structures at the contact interface, the identity of the contact 
metal and the semiconducting properties of the materials.26 The reduction of the components’ 
morphologies to nano dimensions can also alter the behavior of the systems. Obviously, the 
alteration of surface energy, an increase in the surface to volume ratio, adjustments with 
relation to Debye length and stoichiometry of the semiconducting material are all important 
factors that affect the characteristics of the Schottky based sensors.27-31 Additionally, the 
porosity of the semiconductor components enhances gas diffusion through the film and 
increases gas interaction and eventually adsorption of the gas molecules which can improve 
the sensor’s performance.32-33 
There are many reports regarding the development of nanoporous structures and thin films 
of metal oxides for improving the performance of gas sensors.34-38 One of the most 
extensively investigated methods to fabricate highly porous metal oxides is anodization. 
Anodization generally occurs by applying a voltage across two electrodes that include one 
made of the base metal forming the porous metal oxide and the other a reference electrode in 
a suitable electrolyte. Anodization can potentially offer a simple and efficient process to 
obtain films with large surface area, tunable pore sizes and highly ordered morphologies.39-42  
To the best of authors’ knowledge, there is no report in the literature regarding the 
synthesis of WO3 Schottky-based gas sensors via an anodization approach. Therefore, in this 
report, we demonstrate the performance of a WO3 Schottky-based gas sensor prepared by 
anodization of W foil. The synthesis was performed in a mixed ethylene glycol-water solvent 
containing 0.5 g of NH4F at room temperature. In this work, we studied and compared the 
performances of Schottky diode-based gas sensor towards hydrogen gas and ethanol vapour. 
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The sensor performances such as voltage shift, response and recovery time have been 
investigated and discussed in detail. The gas sensing properties of the sensors based on the 
synthesized nanoporous WO3 exhibit a better response to hydrogen gas as compared to 
ethanol vapour. 
 
2. EXPERIMENTAL 
 
 
2.1 SYNTHESIS OF WO3 
 
W foil (99.9% purity) used in this work was purchased from Sigma Aldrich and cut into 
pieces of 1.0 cm × 1.5 cm. After the clean-up, the cut samples were anodized in an electrolyte 
of 50 mL ethylene glycol (98% anhydrous) mixed with 10% (wt) NH4F (98% purity) (both 
from Sigma-Aldrich) and a small amount of DI water. The anodization was carried out with a 
conventional two electrode configuration at room temperature,43 where the anode was the W 
foil piece and the cathode was a platinum foil. Anodization at a voltage of 10 V for a duration 
of 15 minutes resulted in WO3 films comprising of 500 nm thick nanoporous structures. Upon 
the completion of the anodization experiment, samples were washed using DI water and dried 
in a nitrogen stream. The as-anodized samples were then annealed using a standard laboratory 
horizontal furnace at 500 °C for 1 h in air with a ramp-up and ramp-down rate of 2°C min−1 
which resulted in crystalline WO3 films.  
For fabricating the gas sensors, a Pt catalytic contact with athickness of ~15 nm was 
deposited on top of the WO3 nanoporous using a GATAN PECSTM (Precision Etching 
Coating System) thin film coater. The non-anodized side of the W substrates were used as the 
ohmic contact (Figure 1a). 
 
2.2 STRUCTURAL CHARACTERIZATIONS 
 
  5 
 The films morphologies were assessed using a scanning electron microscope (SEM - FEI 
Nova NanoSEM), while the chemical properties of the films were investigated by X-ray 
photoemission spectroscopy (XPS) using a Thermo K-alpha X-ray source (1486.7 eV) with 
pass energy of 50 eV. The crystallinity of the WO3 films was characterized by a D8 Advance 
Bruker AXS X-ray diffractor with General Area Detector Diffraction System (GADDS) 
attachment fitted with a 50 µm spot size collimator, incorporating a High Star 2 dimensional 
detector and CuKα radiation (λ = 0.1542 nm) operating at 40 kV and 40 mA. Raman 
spectroscopy was performed using a 532 nm laser at 0.9 mW power with a PerkinElmer 
Raman Station 400F. 
 
2.3 GAS SENSING MEASUREMENTS  
During the measurements, the sensors were placed in a gas testing chamber connected to the 
T95 controller (both from Linkam Scientific Instruments), which was capable of controlling 
the temperature of the device via an external micro heater beneath the sensors. The operating 
system was accessed through Linksys 32 Software Package enabling the users to quickly 
enter experimental parameters such as temperature and heating rate. A thermocouple is 
connected to the stage for measuring the sensor surface temperatures online. Detail of the 
measurement set-up can be seen in the schematic diagram as presented in Figure 1b. The 
electrical contact was formed by connecting the needle probes to the Pt electrodes of the 
sensors. I–V characteristics were measured using a Keithley 2600 current source meter. The 
gas sensor was supplied with a constant bias current (100 µA) in order to measure the 
dynamic response of the device when it was periodically exposed to ambient air and the 
analyte gas (hydrogen/ethanol) with the pulse sequence of 0.06%, 0.12%, 0.25%, 0.50% and 
1%. The voltage change was recorded utilizing an Agilent 34410A digital multimeter. The 
concentration was accurately controlled using a computerized mass flow controller (MFC) 
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multi-channel gas calibration system by changing the synthetic air to analyte gas ratio while 
maintaining a total constant flow rate of 200 SCCM (mL/min). 
 
Figure 1. The schematic diagrams of (a) three-dimensional Schottky-based WO3 sensor and 
(b) the gas sensing measurement set-up. 
 
3. RESULTS AND DISCUSSION 
 
3.1 MORPHOLOGY AND STRUCTURAL PROPERTIES 
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The SEM images of the as anodized and annealed WO3 films fabricated using an anodization 
voltage of 10 V for 15 minutes at room temperature are presented in Figure 2. From the top-
view SEM image of the WO3 layer of Figure 2(b, c), it is evident that a highly ordered self-
organized three-dimensional (3D) nanoporous layer is formed over the entire surface. This 
porous layer consists of a very regular structure with pores encapsulated by interconnected 
walls. The pores have average dimensions in the order of 10 to 30 nm and a pore wall 
thickness ranging from 10 to 20 nm. The magnified cross sectional image of WO3 (Fig. 2(d)) 
reveals a porous film with a thickness of ~500 nm. This thickness was chosen as Rozina et al. 
have demonstrated that sensing properties can be enhanced as the thickness of anodized oxide 
films is decreased.35 A thickness below 500 nm could not be implemented as a short circuit 
occurred while forming the Schottky contacts. 
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Figure 2. SEM images of anodized WO3 (a) cross sectional view (b) top view (c) a magnified 
image of the interface in (b) and (d) a magnified image of cross sectional view. 
 
 
In order to examine the composition of the porous WO3 layers, XPS analysis was carried out. 
Figure 3a shows the XPS spectra obtained from a wide survey scan presenting peaks of W, O, 
N and C. The presence of carbon and nitrogen on the surface is attributed to atmospheric 
contamination. Figure 3b shows the high resolution core level W 4f spectra of WO3 films. 
The binding energies of 35.4 and 37.9 correspond to W 4f7/2 and W 4f5/2, respectively,44 
indicating a stoichiometry WO3 film.  
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 Figure 3. (a) The XPS survey scan of nanoporous WO3 film, (b) XPS spectrum of W 4f and 
(c) O 1S peaks of the nanoporous WO3 film. 
 
Figure 4a shows the X-ray diffraction (XRD) patterns of the WO3 films before and after 
annealing. The strongest diffraction peaks appear at 2θ = 23.2, 24.1, 29.5, 33.9, 42.0, 49.5 
and 55.5° for the annealed sample. The peaks clearly show the crystalline signature of the 
orthorhombic phase (ICDD 20-1324) of WO3, which is consistent with previous reports.11, 45  
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 Figure 4. (a) The XRD pattern of nanoporous WO3 film before and after annealing in air for 
1 hour at 450 °C, the orthorhombic phase (ICDD 20-1324) is denoted by *, while W is 
denoted by ♦ and (b) the Raman spectra of the as-anodized and annealed nanoporous WO3 
films  
This result was further verified by the Raman spectra presented in Figure 4b. The as-anodized 
WO3 film exhibited two weak and broad Raman bands centered at 770 and 960 cm−1, 
respectively. After annealing, new peaks appeared at 807 and 710 cm−1 as well as at 134 and 
271 cm−1, which are indicative of the O−WO3 orthorhombic phase of the films.11, 45 This 
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pattern can be assigned to either the monoclinic or orthorhombic phase, as it has been 
reported that the monoclinic phase of WO3 has a very similar Raman pattern to that of the 
orthorhombic phase.11 However, the orthorhombic phase is more likely as evidenced by the 
XRD analysis.  
 
3.2 GAS SENSING PERFORMANCES 
The current−voltage (I−V) characteristics were obtained in the presence of air and 
alternately with 1% hydrogen gas (Figure 5a) or ethanol vapour (Figure 5b), respectively at 
temperatures ranging from 50 °C to 300 °C. As the operating temperature increased, the 
relative change in the I-V characteristics was observed with a very good non-linear 
symmetrical curve which is typical of the electrical properties of these structures.46-47 The 
I−V curve showed a comparatively low current at 50°C since the charge carriers have 
insufficient energy to overcome the barrier height energy.48 However, as the temperature was 
increased, we observed a larger current flow as a result of augmentation in the carrier’s 
energy. The increase in current can also be due to an increase in the number of electron-hole 
pairs as a result of higher thermal energy.47-49 Furthermore, the changes in current were larger 
upon exposures to hydrogen gas compared to ethanol vapour. This is because hydrogen 
molecules atoms which diffuse and intercalate with WO3 decrease the Schottky barrier height 
(SBH),23 which dopes the material and results in the formation of dipoles near the junction. 
The joint effect can result in more carriers with sufficient energies to flow over the lowered 
energy barrier via the thermionic emission mechanism.50-51 The mechanism of gas sensing 
will be discussed in detail in the following section. 
As can be seen from Figure 5, the largest lateral voltage shift of the sensor towards 
hydrogen gas was observed at 200 °C, while for the exposure towards ethanol vapour, the 
largest voltage shift occurred at 300 °C.  It is suggested that ethanol vapour dissociates at 
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catalytic metals at higher temperatures as compared to hydrogen. It has been reported that 
dissociation of ethanol begins at a temperature of ∼55 °C and that the process is maximized 
at 300 °C.52  The optimum operating temperature for the maximum voltage shift of hydrogen 
being lower compared to ethanol agrees well with the other previously reported Schottky-
based sensors.35-36, 53   
 
Figure 5. (a) The IV characteristics of the nanoporous WO3 gas sensor upon exposure to (a) 
hydrogen gas and (b) ethanol vapour. 
The different I-V response for each sensor is attributed to the reduction of the SBH, which 
can be calculated using the thermionic emission equation. The dependence of forward current 
on the applied voltage of a Schottky diode is given by the expression47:  
 1 exp

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


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

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
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kT
qVII FsF  
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where Is, q, VF, T and k are the saturation current in ampere, the charge of one electron in 
Coulombs, the forward applied voltage in volts, the absolute temperature in Kelvin and the 
Boltzmann’s constant, respectively. The Is is defined by:  
 





−=
kT
qΦTAAI Bs exp
2**  
 
(2) 
 
in which A is the diode area in m2, A** is the Richardson constant and BΦ  is the Schottky 
barrier height in eV. Using equation (2), the SBH can be determined.  The SBH change in the 
presence of hydrogen, )()()( 22 AirBHBHB ΦΦΦ −=∆ or the SBH change in the presence of 
ethanol, )()()( AirBEthBEthB ΦΦΦ −=∆  at different temperatures were calculated and shown in 
Table 1.  
 
Table 1 Barrier height change at different temperatures. 
Temperature 
(°C) 
Barrier Height Change (eV) 
Hydrogen )( 2HBΦ∆  Ethanol )(EthBΦ∆  
50 0.029 0.011 
100 0.039 0.018 
150 0.047 0.022 
200 0.065 0.028 
250 0.035 0.032 
300 - 0.041 
350 - 0.033 
 
 
 
As the largest lateral voltage shifts upon exposure to hydrogen and ethanol were observed 
at 200 and 300 °C, respectively, the dynamic responses of the sensor were investigated at 
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these temperatures. The dynamic responses of the sensor with a constant bias current of 
100 µA towards different concentrations of hydrogen gas and ethanol vapour, in an air 
background, are shown in Figure 6a and b respectively. The device demonstrated a very good 
response to hydrogen and ethanol at its respective optimum temperature, where the sensor’s 
output returns to the baseline after recovery.  
 
Figure 6. (a) The dynamic response of nanoporous WO3 gas sensors measured with different 
concentrations of (a) H2 gas at 200 °C and (b) ethanol vapour at 300 °C  with a constant bias 
current of 100 µA 
The stability of the sensor was investigated by repeatedly switching from air to 1 % 
hydrogen over a few cycles and presented in Figure 7. The sensor was found to have stable 
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response and recovery characteristics, indicating that high repeatability and stability were 
achieved. The measurements were all conducted in a non-humid environment. It is believed 
that humidity will certainly deteriorate the response of the device as reported previously.36, 54   
 
Figure 7. Reproducibility of the sensor upon exposure to hydrogen gas at 200 °C for 6 
cycles. 
 
The voltage shift in the presence of both hydrogen gas and ethanol vapour vs their 
different concentrations are presented in Figure 8. Voltage shifts of 0.77, 0.99, 1.18, 1.38 and 
1.63 V were measured for 0.06, 0.125, 0.25, 0.5 and 1 % hydrogen gas, respectively. 
However, the same set of ethanol vapour concentration resulted in smaller voltage shifts 
which were 0.4, 0.46, 0.55, 0.68 and 0.79 V, respectively, as discussed previously. As the 
concentration of hydrogen gas increases, more hydrogen molecules will be adsorbed on the Pt 
catalytic surface and converted to H+ ions. Consequently, a lower barrier height was observed 
resulting in a higher voltage shift. Additionally, it can be clearly seen that the sensor is more 
sensitive to hydrogen as compared to ethanol. 
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The response factor (RF) in percentage is defined as the ratio of the voltage shift over the 
base voltage in air and can be described as follows; 
%100x
air
gasair
V
VV
RF
−
=  
(3) 
  
The gas sensor response factors were calculated as 27.5, 35.35, 42.14, 49.28 and 58.21% 
for the aforementioned hydrogen gas concentration while for ethanol vapour with the same 
set of concentration the response factors were 22.22, 25.56, 30.56, 37.78 and 43.89 %. 
.  
 
Figure 8. Voltage shifts recorded with nanoporous WO3 gas sensors at different 
concentrations of target gas. 
We further evaluated the performance of the WO3 gas sensor in terms of the response and 
recovery time. The response time is defined as the time required for 90% of the total voltage 
change and the recovery time is the time taken for 90% recovery of the total voltage change. 
Response and recovery times were obtained for the nanoporous WO3 Schottky diode sensor 
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when exposed alternately to synthetic air with a hydrogen or ethanol balance concentration in 
the order of 0.06 - 1% and the data is shown in Table 2. The sensor’s recovery time is about 4 
times longer than the response time. The same trend of response and recovery time for other 
nanoporous metal oxide gas sensors have been reported where the recovery time is generally 
longer than the response time upon exposure to a variety of analytes.35, 55 As the 
concentration of gas analyte increases, a faster response is demonstrated. Conversely, the 
recovery time increases as the gas analyte concentration increases. It is suggested that, at 
higher concentrations of the target gas, a larger number of target gas molecules dissociate on 
the catalytic metal and adsorb inside the porous film.56 As a result, a faster response is 
observed compared to the response of the target gas at lower concentration. However, 
purging the target gas out from the nanoporous films takes a longer time as the concentration 
of the target gas in the films results in larger stoichiometry changes within the films, which 
require longer recovery times to return to its initial condition.  
 
Table 2 Response and recovery time of the sensor at different analyte concentrations. 
Analyte  
concentration  
(vol %) 
Hydrogen Ethanol 
Response 
time (s) 
Recovery 
time (s) 
Response 
time (s) 
Recovery 
time (s) 
0.06  43 108 55 128 
0.12 38 111 42 139 
0.25 29 124 32 153 
0.5 23 151 27 172 
1.0 20 180 25 185 
 
A shorter response time is observed upon hydrogen exposure in comparison with the 
response to ethanol. Hydrogen gas dissociates directly to produce hydrogen ions, while 
ethanol vapour needs an additional dehydrogenation step where ethanol dissociates into 
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ethoxides and acetaldehyde before generating hydrogen ions.57-58 Thus, the device 
demonstrated a longer response time upon exposure to ethanol vapour.  
The sensing mechanism of the nanoporous WO3 gas sensor is explained as follows. 
Dissociative chemisorption of molecular hydrogen onto Pt, forming hydrogen ions (H+) and 
electrons  is described by 59: 
 
 (4) 
 
 
Similarly, on the catalyst surface, ethanol molecules start to dissociate into ethoxides and 
further oxidize into acetaldehyde as in equation (4) and (5) when the temperature increases.60: 
 
 (5) 
 
 (6) 
 
 
in which (g) and (a) stand for the gaseous and adsorbed species, respectively. The H atoms 
produced from equation (5) and (6) are oxidized to H+ with the liberation of an electron , 
resulting in adsorbed H+.  
The accumulated H+(ads) ions from equation (3) to (5) diffuse over the catalytic metal and 
intercalate with the WO3 pore wall that can be described according to the following formula5: 
 
 (7) 
 
 
The released electrons in equation (7) reduce the width of the depletion region in the oxide 
film, which decreases the resistance of the film and also the barrier height that corresponds to 
the voltage shift for the gas sensor.59  
As the system is maintained at an elevated temperature, it is also possible that  
breaks down into reduced WO3 producing H2O vapour.61  
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  (8)  
 
Upon exposing the sensors back to air (oxygen rich environment) the reduced oxide is 
restored to WO3 via: 
 
 (9)  
 
which allows the gas sensor to be used repeatedly. 
 
4. CONCLUSIONS 
In this work, we successfully synthesized highly ordered nanoporous WO3 films via the 
electrochemical anodization of W. Pt was deposited as a Schottky forming contact, which 
also provided catalytic properties for sensing hydrogen gas and ethanol vapor. The structural 
properties of WO3 films were investigated using SEM, XRD, XPS and Raman spectroscopy 
demonstrating the existence of an orthorhombic crystal phase made of pores in the order of 
10 to 30 nm in dimensions. The Pt/WO3 Schottky-based gas sensor was tested towards 
hydrogen and ethanol molecules in gaseous environments. The porosity of the WO3 structure 
resulted in a high surface to volume ratio film that facilitated the adsorption/desorption of gas 
molecules. Gas sensing measurements for the device exhibited the best performance towards 
hydrogen providing a voltage shift of 1.67 V for 1% hydrogen, when the device was biased at 
a current of 100 µA and was operated at 200 °C. The WO3 nanoporous Schottky gas sensor 
also exhibitedgood reproducibility and repeatable responses with a stable baseline.  
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